Mercury is a heavy metal that is widely distributed in the earth's crust. Both natural and anthropogenic sources contribute to the global cycling of this element (1) . In aquatic environments, inorganic mercury is converted to methylmercury (MeHg) by methanogenic bacteria present in sediments of fresh and oceanic water. The MeHg is then bioaccumulated and bioconcentrated as it passes up the aquatic food chain. All fish contain some MeHg and vertebrates (fish and sea mammals) at the top of the food chain contain the largest quantities.
Human Effects of Methylmercury
MeHg in vitro inhibits microtubule formation and protein synthesis in nerve cells, alters neuronal membrane activity, and interferes with DNA synthesis (1); in vivo it impairs mitosis and disrupts neuronal migration (2, 3) . Its toxicity has been known for centuries (4) and multiple episodes of poisoning in children by both inorganic and organic mercury have been reported (5, 6) . The organic forms of mercury are particularly neurotoxic (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . Both prenatal and postnatal exposure to MeHg can adversely affect the central nervous system, but it appears to be most neurotoxic prenatally when the brain is developing rapidly. Exposure to sufficient amounts can cause neurological impairment or even death (1). However, the lowest level of exposure that can produce health effects detectable using epidemiological methods is presently unknown.
Exposure Data from Poisoning in Japan
Only a few of the many MeHg poisoning episodes have advanced our understanding of the relationship of exposure to observable developmental disability (7, (17) (18) (19) . Industrial pollution led to MeHg poisoning in Minamata and Niigata, Japan, during the 1950s and 1960s. At Minamata, more than 2,000 people who consumed contaminated fish were officially recognized as being poisoned (20) . These episodes provided information about the dangers of pollution and the devastating impact of MeHg poisoning at all ages. A Swedish expert group (21) reviewed the Minamata and Niigata poisonings in detail and provided an outstanding review of the data available on MeHg in fish. Only limited information about the exposure levels that might have caused disabilities was obtained in Japan. At Minamata, several years elapsed between the recognition of patients with neurological symptoms and identification of the causative agent (22) . In addition, the exposure data available were difficult to interpret because the timing of specimen collection was often unclear and the method of analysis and its accuracy were not reported. Consequently, no association between exposure level and clinical symptoms was possible (21) . At Niigata, MeHg poisoning was identified earlier and data on exposure levels in blood and hair as they related to the onset of symptoms were obtained (21, 23) . The Swedish expert group determined that the mercury level in hair at the onset of the disease was generally > 200 ppm, although the level in one patient may have been as low as 50 ppm.
After the epidemic at Minamata, Harada (7) identified 22 children who were exposed to MeHg in utero when their mothers consumed contaminated fish and who had developmental disabilities. Thirteen of the mothers had no symptoms of MeHg exposure during pregnancy, five complained of paresthesias, three of fatigue, and one of hyperemesis. All of the children had severe disabilities including mental retardation, cerebral palsy, and seizures. Exposure levels were measured in hair from 1 to 6 years after birth and ranged from 6 to 100 ppm in the children and from 2 to 191 ppm in the mothers. Harada (7) attributed the disabilities to the prenatal MeHg exposure and applied the term congenital Minamata disease.
After the Minamata epidemic only a few studies of children with less serious disabilities were reported. Harada (24) studied 223 schoolchildren [13] [14] [15] [16] years of age in the Minamata area and compared them with 196 controls. He reported a significantly higher frequency of intellectual deficiency (18 vs . 7%), sensory disturbances (21 vs . 3%), and speech disorders (12 versus 2%) in children from the Minamata area than in controls. Interpreting these findings is difficult because individual exposures were not known and details of the survey methods were not reported. Other surveys were done but are also difficult to interpret (25, 26) .
At Niigata, the causative agent was identified earlier and some exposure levels were determined closer to the time of the poisoning. At Niigata, mothers who had hair mercury levels during pregnancy of > 50 ppm were given the option to terminate the pregnancy (22, 23 (27) .
The Iraq poisoning differed in three important ways from the poisonings in Japan. First, exposure was limited to a short time interval; second, the causative agent was identified very early; and third, the exposure was accurately measured using new techniques including cold vapor atomic absorption. These differences resulted in valuable information being obtained in Iraq on the association between exposure and outcome.
Many children had either prenatal or postnatal poisoning, and some experienced both. The clinical picture in these children was confirmed as similar to that reported in Japan (8) (9) (10) (12) (13) (14) . Mercury levels in maternal hair growing during pregnancy were determined and, for the first time, assessment of associations between the level and timing of exposure and the children's disabilities was possible, thus providing a dose-response relationship (15) . Mercury measured in maternal and child blood and maternal breast milk provided information about the relationships of mercury in different biological compartments (10, 13) . In addition, the effects of prenatal MeHg on the developing brain were examined in children who died (2.
More than 80 infants who were in utero during the time the MeHg-treated grain was being consumed by the mothers were examined and their prenatal exposure determined (14, 15) . Using the peak maternal hair mercury level during pregnancy and two end points [the child's neurological examination ( Figure 1 ) and the age they first walked, as reported by the mothers (Figure 2) hair mercury concentrations at or above these levels (1, 28) . Because MeHg crosses the placenta, women consuming fish during pregnancy expose their fetus.
There are several concerns about extrapolating data from poisonings such as those that occurred in Iraq to populations consuming fish. Iraq was a poisoning episode with a wide range of doses, some very high, and exposure occurred over a short time period. In contrast, exposure due to fish consumption typically involves repeated small doses for an extended time period. The effects of such differing types of exposure are unknown but may be important (29) . In addition, the Iraq study had a number of limitations (14) . The birth dates of the children were not precisely known. The evaluations were limited to a developmental history taken from the mother through an interpreter and a neurological examination done in the child's home. Covariates --- 
Neurological and Milestone Testing
The two end points associated with poisoning in Iraq, the neurological examination and developmental milestones, have not shown a consistent association with prenatal exposure from fish consumption. A Canadian study of Native Americans who consume fish (35) reported an association between the neurological examination and prenatal exposure, whereas two other studies found no association (36, 37 developmental testing and exposure were found (35, 37) . The inconsistency of these reported associations has led to the use of increasingly sophisticated testing methods for evaluating the children. Grandjean et al. (44) reported a study of children in the Amazon basin exposed to MeHg from freshwater fish contaminated after gold mining. The study was crosssectional and examined 351 (34, 45, 46) .
In the Faroe Islands mercury exposure is mainly from consumption of whale meat. The Faroe Islands study found beneficial associations with mercury exposure and child development during the first year of life that they attributed to breast-feeding (39) . However, Grandjean et al. (39) reported that at 7 years of age there were a number of adverse associations on one or more statistical models between prenatal exposure measured in cord blood and test results ( Table 2 ). These associations were not present when prenatal exposure was measured in maternal hair. The largest adverse effects were associated with attention, learning, and memory, and, to a lesser extent, visuospatial and motor activities (45, 46) . They also reported adverse associations with brainstem auditory-evoked potentials (47) . The possibility that polychlorinated biphenyls (PCBs) , which are present in whale blubber, contributed to the findings was addressed by measuring them in cord tissue and adjusting statistically for this exposure.
In the Seychelles Islands main longitudinal study no adverse associations were present, but statistically significant beneficial associations were found between fish consumption and test outcomes (34, 37, 48, 49) . Possibly adverse associations were found in the pilot study (43, 50) , but the authors consider the main study more definitive (34, 37, 38248, 51) .
The main study has more information and tests on the mothers and children, a longitudinal design with evaluations at specific ages, a better testing environment, more covariates including information about the home environment and socioeconomic status, and a larger number of participants. (19, 34, 35, 40, 41, 45) . One study suggested that cord blood mercury levels may be preferable (45, 54) . Because the brain is the target organ and can be measured only postmortem, the measure that best reflects brain levels would seem preferable.
When MeHg is ingested, it is almost totally absorbed from the gastrointestinal tract and enters the blood stream. In blood it is mostly bound to hemoglobin in the red cells. From blood, it readily crosses the placenta, the blood-brain barrier, and enters hair follicles. In the hair follicle it is incorporated into the hair shaft as it grows. The total mercury concentration in hair, blood, and brain are directly correlated (1, 52, 53) . Transport of MeHg across the blood-brain barrier and into the brain is on an amino acid carrier and transport into the hair follicle is thought to be by a similar mechanism (55) . Thus, hair measurements may provide an indirect noninvasive method of measuring MeHg levels in the brain. Hair is not a reliable biomarker for inorganic mercury or mercury vapor (56) . Mercury vapor does not appear to be deposited in the growing hair. Hair grows at a fairly uniform rate and can be analyzed segmentally. In this way exposure can be recapitulated for a time period limited only by the hair length. However, more research into the relationships among blood, hair, and brain mercury levels after MeHg exposure, transport into hair follicles, and other issues of transport, binding, and degradation is needed.
Determination of prenatal MeHg exposure has been reported using total mercury levels in maternal hair growing during pregnancy and levels in cord blood. Which measure most accurately reflects fetal brain exposure is controversial. In blood the halflife of MeHg is approximately 50 days and measured levels can vary substantially depending on recent dietary exposure (1, 29, 5) . Consequently, blood levels provide accurate information only about recent exposure. Cord blood would not be expected to reflect exposure that occurs earlier in pregnancy. The Faroe Islands study measured mercury in cord blood taken at delivery, as well as maternal hair growing during the pregnancy (45). Grandjean et al. (45, 46) reported an adverse association between cord blood levels and the children's test results at 7 years of age, but these associations were not present using maternal hair mercury levels during pregnancy. Based on these findings, the authors argued that cord blood might more accurately reflect exposure (46, 54 Blood levels obtained close to the time of exposure provide an accurate determination of acute exposures. However, with human exposure it may not be possible to obtain samples immediately. At Minamata it was several years after exposure before MeHg was suspected, as the cause and the level and duration of exposure were not well defined. In Iraq, MeHg poisoning was recognized early and both blood and hair levels were helpful. Blood levels were useful with acutely ill patients, whereas hair levels were helpful in recapitulating exposure after the outbreak. When dealing with exposures in individuals who regularly consume seafood, the levels are substantially lower and they may be in a steady state with only minor variations in mercury level. The biomarker that best reflects brain exposure after fish consumption needs to be determined.
Does Dietary Exposure to Low Doses ofMeHg Differ from High-Dose Exposure?
Dietary exposure is generally to small amounts of MeHg over prolonged periods of time, whereas high-dose exposure more often occurs over shorter time intervals. There may be differences between how the human body detoxifies or excretes mercury depending on the type of exposure. Clarkson (29) proposed that the liver may detoxify small amounts of MeHg but be unable to handle larger amounts.
Dietary sources often contain nutrients that have beneficial effects or may decrease the toxicity of MeHg. Many fish are rich in selenium and long-chain polyunsaturated fatty acids, especially those termed omega-3 fatty acids. Selenium may decrease the toxicity of MeHg, and omega-3 fatty acids are important in brain development (1, 58) . The beneficial effects of omega-3 fatty acids may outweigh any adverse effects of the MeHg.
What Is the Importance ofExposures at Different Ages? Most epidemiological studies have studied prenatal exposure, but postnatal exposure may also be important. Infants consume breast milk that can contains MeHg; toddlers and older children consume fish and fish products. Although the most serious effects of MeHg appear to be on cell migration and differentiation, processes that are most active prenatally, brain development continues at a slower pace for years postnatally. A limited number of associations between postnatal exposure and outcomes have been reported. Amin-Zaki et al. (9, 11, 13) Faroe Islands study reported that breastfeeding was associated with enhanced achievement of early developmental milestones (39) . However, Grandjean et al. (45) reported no associations between postnatal exposure measured at 1 and 7 years and an extensive test battery given at 7 years of age. In the Seychelles Islands beneficial associations were reported between MeHg exposure measured in children's hair postnatally at 66 months and several test outcomes (34) . Further study of the contribution of postnatal MeHg exposure to developmental outcomes is needed.
How Should Studies Account for Concomitant Exposures?
Before attributing any association to MeHg, it is important to be certain that other pollutants such as lead, PCBs, organochlorines, etc., have not contributed to the results. Unfortunately, many human exposures are to multiple environmental contaminants, making the contribution of individual contaminants more difficult to define. For example, the flesh of marine mammals may contain both MeHg and inorganic mercury, and individuals who consume the flesh often consume the blubber, which may contain other contaminants. Accurately measuring these environmental contaminants in the appropriate biological tissue and adequately considering them in the analysis is essential to excluding them as contributing factors.
Other compounds of mercury should also be considered concomitant exposures. Many individuals, uding children have dental amalgams that release small amounts of mercury vapor. Animal studies have suggested that exposure to mercury vapor can cause developmental problems in rats and primates (59, 60) . Experimental work also suggests that animals exposed to both MeHg and mercury vapor may experience greater toxicity (61 (62, 63) . Some tests used in animals to detect low levels of exposure (64, 65) have been used in children and no association was found (37) .
One difficulty in comparing animal and human studies is how to define low-level exposure. In 1990 Burbacher et al. (62) reviewed the MeHg literature and compared animal and human data. They defined lowlevel exposure as one where mercury measured in the brain was < 3 ppm. Using this definition, the authors found low-level exposure reports of neuropathological changes in small mammals but not in primates or humans. They also reported neurobehavioral effects in humans and small mammals at low level but not in primates. The authors considered reports of impaired performance on operant tasks in small mammals and delayed developmental milestones in children to be low-level exposures even though brain levels were not actually measured in those studies (15, 66) . However, Burbacher et al. (62) commented that "... subtle effects do not provide many similarities across species."
The lowest brain mercury levels associated with either neurobehavioral or neuroanatomic changes in animals are approximately 1,800 ppb (67, 68) . In comparison, human fetal brain levels from maternal fish consumption are reportedly < 300 ppb (69) . The exposure Burbacher et al. (62 defined as low is approximately 6 times the exposure level for infants whose mothers consume fish regularly. Until similar exposures are studied in humans and animals, comparisons will be difficult.
Measuring exposure in animal experiments is frequently done differently than in human studies. In experimental animals a known dose of a single toxin is given so the exposure is well known or can be accurately measured either during life or when the animal is sacrificed. However, the level of mercury in brain or hair is seldom measured or reported. In comparison, in human populations the exposure is rarely known, must be determined by measuring levels in some biological tissue such as hair or blood, and is sometimes to more than one substance.
Physiological differences between humans and experimental animals also present challenges. In primates the blood half-life of mercury is reportedly shorter than in humans and there are substantial differences in the ratio of mercury between blood and brain in various species (70, 71) . Studies of primates exposed to doses of MeHg prenatally and postnatally or just postnatally have provided evidence for impairment of visual, auditory, and vibratory sensation, cognitive and social development, and operant behavior (71, 72) . There is also evidence of delayed neurotoxicity that appeared only with aging (73). However, the brain level of MeHg exposure associated with these effects has not been reported.
How Important Is Effect Modification? Bellinger (74) pointed out that factors correlated with exposure or development may modify the association between the exposure to a neurotoxin and its effects on development. Nutritional factors comprise one group of such effect modifiers that are particularly pertinent to MeHg exposure from dietary sources. Breast milk is believed to have many beneficial effects for infant development (75) . It contains nutrients such as docosahexanoic acid, taurine, and cholesterol that may not be present in infant formulas or cow's milk. However, breast milk can also contain small quantities of organic and inorganic mercury if maternal exposure is high, and it can be an important source of exposure (9, 10, 13) .
Grandjean et al. (39) reported that children in the Faroe Islands achieved developmental milestones early. The authors found an association between milestone achievement, breast-feeding, and the level of MeHg measured in the infant's hair at 12 months of age. As both hair mercury concentration and length of breast-feeding increased, the age at achieving milestones decreased. They reasoned that MeHg could not be responsible for this effect; thus, there must be a beneficial effect from breast-feeding. The association between breast milk and MeHg exposure was not explored further in that study. Explaining this outcome may be complex. For confirmatory studies a limited number of specific end points should be chosen so that statistical associations between exposure and outcomes can be interpreted as causal relationships. This does not appear to be the case in many studies of the effects of environmental toxins on child development. In the absence of a limited number of sensitive and specific outcome variables it is tempting to use a large battery of tests so that any possible effect will be identified. The problem with such a battery is that the various tests may not be very specific and that statistical multiplicity (type I errors) may make the results of many analyses difficult to interpret.
Summary
Exposure to high levels of MeHg can result in developmental disabilities. However, the associations among exposure, developmental milestones, and neurological tests that were originally reported from Iraq and postulated to occur at MeHg exposure levels as low as 10 ppm have been difficult to confirm. In populations where exposure is from consuming oceanic fish, both beneficial and adverse associations have been reported. The beneficial associations are believed to be due to other nutrients in fish. Increasingly sophisticated study designs, testing, and statistics have been incorporated into the research looking for subtle clinical effects of MeHg exposure from fish consumption. However, no consistent pattern of adverse effects has been found and no scientific agreement on any adverse associations has yet been reached. Although poisoning with MeHg can cause developmental disabilities, the evidence that lower levels of exposure contribute to disabilities is presently limited.
